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Abstract 
This paper presents the results on the analysis of micro-burr formation for slot milling of austenitic stainless steel X5CrNi18-10. 
Two-fluted submicron grain cemented carbide tools with a diameter of d = 0.5 mm were used. Applying cutting speeds from 
vc = 100 m/min to vc = 200 m/min and feeds per tooth from fz = 6 μm to fz = 8 μm the influence of these parameters on the burr 
formation was investigated. Additionally the effect of the lubrication method – minimum quantity lubrication, flood lubrication and 
bath lubrication – on the burr formation was analysed. 
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1. Introduction 
The use of micro-mechanical machining processes 
e.g. microdrilling and especially micromilling is of great 
importance for the production of micro system 
components. The formation of burrs in micromachining 
like in macromachining is a well known challenge since 
these burrs directly affect the quality and functionality of 
the component [1,2]. Furthermore the micromachining 
of areas with burrs originating from the use of larger 
tools can destroy the fragile micro-tools. In contrast to 
macromachining the removal of the burrs of micro 
system components is rather difficult. The commonly 
used deburring techniques used in macromachining 
cannot be simply transferred to microstructures, since 
these techniques may cause dimensional errors and 
residual stresses in the component [3]. Due to their 
advantageous properties like resistance against 
corrosion, high thermal stability and wear resistance 
austenitic stainless steels are frequently used for a wide 
range of industrial applications. The mechanical 
machining of austenitic stainless steels is challenging. 
The tools are exposed to adhesive tool wear as well as to 
the formation of build up edges [4]. Furthermore the 
materials ability of work hardening requires a complex 
process design, since the work hardened material 
increases the process forces respectively tool wear and 
therefore affects the process stability [5]. Austenitic 
stainless steel also features a high ductility and 
toughness which promotes the burr formation. Applying 
micromilling to produce holes in a drilling like process 
the top burr formation for the stainless steel X5CrNi18-
10 in dependency of the machining variables was 
investigated [6]. For a cutting speed range of vc = 3.2-6.4 
m/min and a range of feed per tooth fz = 1.3-3.2 μm it 
was documented that the burr height is linearly 
proportional to fz. Further the tool wear is a significant 
factor for the formation of burr, since the burr height is 
increased with advancing tool wear. Completing the 
investigation, an empirical model for the prediction of 
the burr height in dependency of the machining 
parameters was developed [6]. For slot milling the 
influence of the cutting parameters cutting speed vc and 
feed per tooth fz as well as the influence of the 
lubrication method (dry machining versus cutting oil) on 
the burr height was analysed [7]. It was illustrated that 
the application of cutting oil reduced the burr height 
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significantly. Furthermore the feed per tooth fz was 
found to be more influential when using a coolant. For 
dry machining the cutting speed vc is the determining 
factor of the burr height [7]. The use of a lubricant can 
seriously improve the workpiece quality and tool wear. 
Nevertheless the use of flood lubrication is not only 
advantageous when the costs for the necessary 
installations or safety measurements are regarded.  Here 
the use of the minimum quantity lubrication (MQL) has 
gained significant importance in the last years, both for 
macromachining as well as for micromachining [8,9,10]. 
2. Experimental Setup 
In this investigation two types of TiAlN coated, two-
fluted solid carbide end mills with a diameter of 
d = 0.5 mm were used (Figure 1). The further essential 
information about the tools can be found in Table 1. The 
experiments were conducted on a KERN HSPC 2522 
machining centre. It is equipped with a Precise 1060-OA 
high speed spindle which has an operating range from 
60000-160000 RPM. The tools are clamped by a high 
precision collet. Minimum quantity lubrication, flood 
lubrication and bath lubrication were used. For the MQL 
a Fuchs EcoCut Mikro Plus 20 oil was used, the flood 
lubrication as well as the bath lubrication were realized 
using Rhenus R-OIL HM7. The volume flow for the 
flood lubrication was V˙ = 1.5 l/min with a pressure of 
p = 1 bar. In contrast to macromachining the tool run out 
cannot be neglected for micromilling, since the ratio of 
tool diameter and tool run out is on a distinctive higher 
level. For slot milling a wider slot than the actual tool 
diameter can be expected, if the tool run out is not 
controlled [11]. To minimize the influence of the tool 
run out on the burr formation in this investigation, the 
tools were clamped with the lowest possible cantilever 
length lcl. For both tools the cantilever length was lcl = 7 
mm. The feed per tooth fz was varied between fz = 6, 7 
and 8 μm. The axial depth of cut ap was kept constant at 
ap = 60 μm. Taking the three lubrication methods into 
account a total of 27 experiments were conducted. The 
machining task was slot milling of two slots with a 
combined length of ls = 60 mm. This investigation 
focuses on the formation of the burr height (top burr 
height hb) for slot milling. The top burr height hb was 
measured with a confocal white-light microscope 
NanoFocus μSurf. For every slot the four highest burrs 
were measured and afterwards averaged. For slot milling 
with a constant depth of cut ap the cutting speed vc and 
the feed per tooth fz are the cutting parameters which are 
of major significance for the burr formation. Hence, 
these cutting parameters were varied in this paper. 
Table 1. Specifications of the used tool types 
Tool Type A Type B 
Diameter D 0.5 mm 0.5 mm 
Tool length l 40 mm 38 mm 
Cutting edge radius rε 0.006 mm 0.006 mm 
Corner radius re 0.05 mm 0.05 mm 
Number of teeth n 2 2 
Coating TiAlN TiAlN 
Rake angel γ 4° 6° 
Helix angle ε 20° 30° 
 
3. Results and Discussion 
3.1. Influence of the milling strategy 
When slot milling is applied, the material is cut in an 
up- and down-milling operation as well as during one 
tool revolution. This enables the basic evaluation of the 
strategy-dependent burr formation using a single 
experimental setup. It could be observed that for every 
conducted experiment the top burr height hb on the up-
milling side is drastically reduced in comparison to the 
down-milling side (Figure 3). These results could be 
observed independently from the lubrication method. 
The main reason for this characteristic top burr 
formation can be found in the kinematic of the up-
milling respectively down-milling cut. For the up-
milling cut the undeformed chip thickness is zero at the 
beginning of the cut. Thus the material is squeezed and 
pushed in the first stage. With the increasing 
undeformed chip thickness the supporting effect of the 
still-to-cut material is also increased and the material is 
cut in a shearing operation. Contrary to that, the 
supporting effect of the non cut material is smaller 
during the down milling cut in slot milling. When the 
minimum chip thickness is decreased the material is not 
clearly cut, which occurs for the last stage of the down 
milling cut. Thus the non-cut material is pushed in the 
direction of the lowest resistance, which is the top side 
of the slot. Additionally the direction of the force and 
consequently the stress direction for the up-milling cut is 
directed away from the side wall, which also benefits the 
reduced burr formation for the up-milling cut [2]. 
Therefore the use of an up-milling cut may be  
Fig. 1. Tool types used in this investigation 
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qualified as the finishing cut for the production of 
microstructures. On the other hand it is well known from 
macromilling and could also be verified in micromilling 
that the use of up-milling for the austenitic stainless steel 
X5CrNi18-10 is challenging. Due to the zero 
undeformed chip thickness at the beginning of the up-
milling cut the material is squeezed until the minimum 
undeformed chip thickness is reached. Taking the 
materials ability of work hardening into account, the tool 
is exposed to significantly higher tool wear. Furthermore 
the related side walls feature smeared material [12]. For 
this reason the top burr formation was only investigated 
for the down-milling side of the slots, since down-
milling is commonly applied for the production of 
microstructures by micromilling. 
3.2. Influence of the cutting speed vc 
In this investigation the cutting speed vc was varied in 
three stages, vc1 = 100 m/min, vc2 = 150 m/min, 
vc3 = 200 m/min (Figure 3 a-c). This cutting speed range 
is commonly used for the macromachining of austenitic 
stainless steel. Other experiments that have been 
conducted within this research project, proved that these 
cutting speeds are also applicable for micromilling this 
material, since no fracture of the tools could be 
observed. The top burr heights hb in dependency of the 
cutting speed vc, separated for the three used lubrication 
methods and both tool types, are illustrated in Figures 3 
a-c and 4 a-c. The top burr height hb increases with the 
cutting speed vc. These results could be observed 
independently from the lubrication method and the tool 
type. Regarding the high ductility of the austenitic 
stainless steel X5CrNi18-10 it is a possible explanation 
that due to the higher heat load the material is 
additionally softened, thus promoting the already high 
propensity of this material to form burrs. The conducted 
measurement of the cutting force Fc did not exhibit a 
uniform decreasing trend for higher cutting speeds. 
Additionally the relative differences between the lowest 
and the highest level of the cutting speed was on rather a 
low level especially for flood and bath lubrication. 
Since the (micro-) milling process features a small 
material removal rate as well as a working zone, which 
is on the top of the workpiece and the contact time 
between the tool and the workpiece is decreased for 
higher cutting speeds, the heat cannot be induced long 
enough into the material to increase the ductility of the 
material. Hence for the milling of microslots with a tool 
diameter of d = 0.5 mm a thermally induced increase of 
the ductility promoting the burr formation cannot be 
qualified as explanation. Therefore the strain rate 
Fig. 2. Influence of the milling strategy on the top burr formation 
Fig. 3. Influence of the cutting speed on the top burr height (Tool A) 
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hardening has to be taken into account. Since for a 
higher cutting speed vc the materials resistance against 
plastic deformation is increased. As a consequence the 
material is squeezed to a greater extent during the 
cutting process and then pushed to the top of the slot, 
forming a higher top burr (Figure 3 a-c and Figure 4 a-
c). The formation of build up edges could not be 
verified. In former investigations of the related research 
project the formation of build up edges was not detected 
at the applied cutting speeds. 
3.3. Influence of the feed per tooth fz 
The second cutting parameter which was analysed for 
slot milling is the feed per tooth fz. This parameter is 
essential for the undeformed chip thickness h and 
therefore the determining factor for the ploughing effect. 
Since in micromachining the dimensions of the parts are 
in the range of only a few millimeters the selection of an 
appropriate feed per tooth fz has to be made not only to 
reduce the ploughing effect, but also by considering the 
dynamics and the acceleration capability of the 
machining centre. In [6] it was shown that applying a 
ratio of feed per tooth fz to cutting edge radius rε of 
fz/rε < 1 increases the tool wear, due to the negative 
effective rake angle, which benefits the ploughing effect. 
Since the utilised machining centre KERN HSPC 2522 
is capable of realising a high feed velocity vf the feed per 
tooth fz was chosen in a range that reduces the influence 
of the ploughing effect (fz/rε = 1-1.3). Figure 5 a-c and 
Figure 6 a-c show the dependency of the top burr height 
hb on the feed per tooth. This effect is intensified for 
higher cutting speeds and occurs independently from the 
lubrication method. For a higher feed per tooth fz the 
material removal rate for a single cut is increased as 
well. Thus more material has to be removed from the 
working zone in the same time. Compared to 
macromilling tools, micromilling tools feature a relative 
small chip space. Therefore the chip transport is slowed 
Fig 4. Influence of the cutting speed on the top burr height (Tool B) 
Fig 5. Influence of the feed on the top burr height (Tool A) 
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down and consequently more material is squeezed in the 
direction of the top of the slot, which increases the top 
burr height hb. Analogous results were obtained in [6, 7], 
thus it can be stated that in the analysed parameter range 
a low feed per tooth fz is recommendable for the control 
of the top burr height hb. 
 
3.4. Influence of the lubrication method 
The use of a lubricant can seriously improve the 
results for machining austenitic stainless steel 
concerning the surface quality and tool wear. Therefore 
also the influence of the lubrication method on the burr 
formation was analysed in this investigation. As shown 
in Figures 4 a and 5 a the application of MQL yielded 
the least acceptable results, especially for high feed rates 
and cutting speeds. These results can be attributed to the 
insufficient effective lubrication and therefore resulting 
limited chip removal from the working zone. Due to the 
high rotational speed of the tool, which is required to 
realise the high cutting speeds, the amount of lubricant 
provided in the working zone by the MQL is not 
sufficient to reduce the friction between the tool and the 
workpiece. Furthermore the measured force signal 
illustrated arbitrary peaks which indicate partial 
jamming of the tool. Hence the material separation is 
affected and the burr formation is promoted. The use of 
flood lubrication is a recommendable method to reduce 
the burr formation, as illustrated in Figures 4 b and 5 b 
since an improved constant supply of lubricant can be 
realised. For higher cutting speeds (vc ≥ 150 m/min) the 
positive effect of the flood lubrication is decreased 
because the supply of the tool respectively the working 
zone is affected. Concerning the technical equipment 
needed for providing MQL and flood lubrication the use 
of the bath lubrication in micromilling is an alternative 
worth to investigate. The small dimensions of the micro 
parts enable the submerging of the whole part. 
Furthermore a non- continuously supply of external 
lubricant is needed. With regard to the high rotational 
speed of the tool it is urgent that the container for the 
bath lubrication is designed to prevent the lubrication 
from being splashed in the machining centre. As it can 
be seen in Figure 4 c and Figure 5 c the constant 
flooding of the working zone benefits the reduction of 
the top burr hb. This can be explained by the 
homogenous supply of the working zone with lubricant, 
which benefits the chip removal at a high cutting speed 
vc. This is also implied by the measured forces.. With 
regard to the both cutting parameters vc and fz it can be 
stated that due to the presented results the cutting speed 
vc is the crucial factor to be considered when varying the 
lubrication method. 
3.5.  Influence of the tool type 
As documented in [1] several investigations proved 
that not only the cutting parameters and the lubrication 
method but also the tool geometry has a significant 
influence on the burr formation in machining e.g. 
milling. Regarding the obtained results the top burr 
height hb for the experiments that applied tool type B is  
significantly reduced. Due to the larger rake angle γ = 6° 
the forces are reduced. Additionally the chip separation 
is improved for this rake angle, since the tool is sharper. 
Thus less material is squeezed and pushed to the top of 
the microslot. The greater helix angle ε = 30° 
additionally improves the chip formation and material 
separation at the minor cutting edge, reducing the 
ploughing effect in a single cut. As previously shown in 
[3,11] the tool run out can significantly influence the 
burr formation during micromilling of slots. Dependent 
on the location on the workpiece, most burrs show a 
uniform structure, if not affected by tool run out. For this Fig 6. Influence of the feed on the top burr height (Tool B) 
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experimental setup a curl-type burr can be expected. 
Exemplary images of the burr type are shown in Figure 
2. For all experiments the top burr can be classified as 
curl-type burr, which indicates that an influence of the 
tool run out on the burr type could be minimized. 
4. Summary 
This paper presents the results of the top burr 
formation for slot milling austenitic stainless steel 
X5CrNi18-10 with d = 0.5 mm micro end-mills. The top 
burr height hb was analyzed by varying the cutting speed 
vc, the feed per tooth fz, the lubrication method and the 
tool type. Summarizing the conducted experiments the 
following results were obtained: 
x Up-milling produces a significantly reduced top 
burr height hb, but features severe problems 
regarding the quality of the side wall and the 
tool wear. 
x With an increasing cutting speed vc the top burr 
height hb is also increased due to the higher 
strain rate hardening of the material.  
x A thermal induced softening of the material 
cannot be observed for higher cutting speeds 
due to the short contact time of the tool and the 
working zone which is located at the free 
surface of the workpiece. 
x Increasing the feed causes a higher top burr 
since the higher material volume for a single 
cut cannot be removed from the working zone 
continuously.    
x The application of MQL for milling microslots 
is problematic since a constant supply of 
lubricant is difficult to realize, thus significantly 
increasing the top burr height hb. 
x By using flood lubrication and bath lubrication, 
the top burr height hb can be reduced. 
x Sharp tools with a positive rake angle γ and 
large helix angle ε are beneficial for the 
reduction of the top burr height hb. 
5. Outlook 
In further investigations it will be analysed to what 
extent the obtained results can be transferred for tools 
with other diameters, e.g. d = 1 mm and d = 0,2 mm. 
furthermore these results are worth to be used for the 
production of microstructures applying an improved 
machining strategy. 
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